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CONVERSION FACTORS AND ABBREVIATIONS
The following factors may be used to convert the inch-pound units used in this report to metric (International System) units. The area where water levels declined is underlain by the Onondaga Limestone an important aquifer that, in eastern Erie County, supplies water to approximately 750 households, 20 commercial and industrial facilities, and many farms. The Onondaga aquifer is a major source of water supply elsewhere in New York State ( fig. 1 ) and is particularly important because it provides water of suitable quality for most uses. Water in the underlying Akron and Bertie Dolomites and Camillus Shale is less desirable for most uses because it contains elevated levels of hydrogen sulfide and dissolved iron and manganese. 
Purpose and Scope
In October 1983, the U.S. Geological Survey began a 2-year study, in cooperation with the Erie County Department of Environment and Planning and the Towns of Clarence and Newstead, to describe the hydrologic conditions in the Onondaga aquifer in eastern Erie County and to identify the extent and cause of ground-water-level declines and increased sinkhole formation. This report summarizes results of the study; it describes the hydrologic conditions in the Onondaga aquifer from October 1982 through September 1985 and explains the probable cause of water-level declines and the processes and causes of sinkhole formation in the area. It also presents physiographic and water-level maps, hydrographs, water-quality data, and a geologic section of rock units in the study area.
Description of Study Area
The area studied encompasses 36 mi ^ in the Towns of Clarence and Newstead in eastern Erie County ( fig. 1 ) that are underlain by the Onondaga Limestone. The area is bounded on the east by the Erie-Genesee County line, on the west by the western border of the Town of Clarence, on the north by the Onondaga Escarpment, and on the south by New York State Highway 33 (pi. 1).
The study area is in the Erie-Ontario Plain physiographic province. The land surface is slightly undulating and rises gently from an elevation of 700 ft above sea level in the west to 850 ft in the east. The land surface is characterized by moderately developed karst features such as sinkholes, swallets, solution-widened joints, and disappearing streams. The area is drained by tributaries of Tonawanda Creek, which flows into the Niagara River at Tonawanda ( fig. 1 ).
The climate is humid continental with warm summers and cold winters. Precipitation is fairly uniform throughout the year and averages 37.6 in/yr (U.S. Department of Commerce, 1984) . Most precipitation during the winter falls as snow.
Land use in the Town of Newstead consists mostly of dairy farms and lowdensity residential areas with some commercial properties and light industries along Main Street (New York State Route 5), a limestone quarry at the ErieGenesee County line, and a sand-and gravel-mining operation in the western part of the town (pi. 1). The Town of Clarence is more developed and contains medium-density residential areas, commercial properties and light industry, two limestone quarries, a landfill, a sand-and gravel-mining operation, and a few dairy farms. Interstate 90 (New York State Thruway) traverses the area from east to west. Major features of the area are indicated on plate 1.
Acknowledgments
Special thanks are extended to Harold Bloodsworth of Clarence, N.Y., for his assistance in measuring daily precipitation and monthly water levels; to the citizens of the Towns of Clarence and Newstead for providing access to their wells for water-level measurements, to County Line Stone and Buffalo Crushed Stone for access to their quarries and for supplying information on pumpage from the quarries, to the Erie County Laboratory for chemical analyses of ground-water samples, and to Frey Well Drillers for information on deepened wells.
METHODS AND APPROACH
The approach taken in this study was to (1) describe the geohydrologic conditions, including ground-water levels and ground-water flow patterns in the Onondaga aquifer, (2) delineate areas of reported water-level declines and sinkhole formation, and (3) identify the causes of water-level declines and sinkhole formation. The study entailed a well inventory, water-level measurements, chemical analysis of water from selected wells, a survey of springs in the area, and discharge measurements on Dorsch Creek, which drains the southeastern part of the study area (pi. 1).
Well Inventory
Information on wells, including the location, owner, depth of well, depth to water, yield, date drilled, and whether redrilled because of declining water levels, was compiled from well data provided by Frey Well Drillers and from a 1984 field survey by the U.S. Geological Survey. Locations of wells, including redrilled wells, were plotted on 7.5-minute quadrangle maps to identify any patterns among wells that had gone dry. Well locations are shown on plate 1; well data are presented in table 12 (at end of report).
Water-Lev el Measurements
Water levels were measured in 33 wells twice monthly from September 1982 through September 1985 and at 150 wells twice once during a high-water-level period in April 1984 and once during a low-water-level period in October 1984.
Chemical Analyses
Twenty-two water samples were collected from wells and springs in the area to compare the quality of water from the respective geologic formations, to compare the relative residence time of ground water in different parts of the Onondaga aquifer, and to determine the potential for dissolution of the Onondaga Limestone. Water samples were collected during a high water-level period in April 1984, a low-water period in August 1985, and during a pumping test in the Gunnville Road area (pi. 1) in February 1984. The samples were analyzed by the Erie County Laboratory for dissolved calcium, magnesium, sodium, silica, sulfate, and chloride. Specific conductance, pH, water temperature, and alkalinity were measured in the field at the time of sample collection.
Stream-Discharge Measurements
A stream-gaging station was installed on Dorsch Creek, 0.4 mi west of Crittenden Road, in the Town of Newstead (pi. 1), to record stream stage continuously from June 1984 through September 1985. Discharge measurements were used to develop a stage-to-discharge relationship (Kennedy, 1984) to calculate the quantity of flow in Dorsch Creek.
Discharge measurements also were made at several locations along Dorsch Creek downstream from the gaging station and along several small streams that flow over the escarpment to locate sites of ground-water discharge to the streams and where the streams lose water to the aquifer.
Survey of Springs
The locations of springs were plotted on a map, and discharge, pH, water temperature, and specific conductance of most springs were measured to identify ground-water discharge areas. Specific conductance and pH indicate whether the water is from the Onondaga aquifer or the underlying Camillus Shale. (The latter has higher specific conductance and lower pH.) The discharge indicates whether the source of the spring is a diffuse flow system through small joints (discharge less than 0.5 ftVs) or from a cave-conduit or solution-widened joint system (discharge greater than 0.5 ftVs).
Dye-Tracer Study
Two dye-tracer studies were conducted at a swallet (sinkhole into which a stream disappears) in the Harris Hill area in the western part of the Town of Clarence in April 1984 and October 1985 in an attempt to determine the velocity and direction of ground-water flow. In April 1984, fluoroscene dye was mixed with stream water that flowed into the swallet, and activated-charcoal packets that adsorb the dye were placed in 14 springs considered likely discharge areas at the base of the Onondaga Escarpment. The charcoal packets were replaced periodically and analyzed in the laboratory by fluorometer to detect the dye (Aley and Fletcher, 1976) . In October 1985, dye was again mixed with stream water that flowed into the swallet, but this time, charcoal packets were placed along seepage faces in a quarry 0.9 mi south of the swallet and in a drainage ditch that receives pump age from the quarry.
Precipitation and Evapotranspiration Measurements
Monthly, annual, and long-term average precipitation values in the study area were tabulated from data from the U.S. Weather Service station at the Buffalo International Airport (2 mi southwest of the study area, pi. 1) and from a local observer in Clarence. Potential evapotranspiration in the study area was calculated through Hamon's method (1961) and long-term average monthly temperature data from the airport.
GEOLOGY
The study area is underlain by Devonian and Silurian sedimentary rocks that trend east-west and dip slightly to the south-southwest at about 40 ft/mi. The bedrock in most of the area is overlain by unconsolidated deposits. The western and eastern ends of the study area are mantled by a thin cover of till and (or) lacustrine silt and clay, generally 3 to 15 ft thick, and the central part by sand and gravel, sand, and till deposits 25 to 50 ft thick that fill a north-south-trending buried valley (Miller and Staubitz, 1985) shown on plate 1. The uppermost formation in the study area is the Onondaga Limestone, which is underlain by the Bois Blanc Limestone (locally absent) and the Akron and Bertie Dolomites, which overlie the Camillus shale (table 1) . Olive-gray and light olive-gray, fine-grained, massive bedded limestone, contains brachiopods, sparse tabulate and rugose corals, and abundant nodular chert (5 to 50 percent).
Olive-gray, fine-grained, massive bedded limestone, contains few fossils and extremely abundant chert (25 to 75 percent).
The study area is characterized by minor development of karst features such as sinkholes, solution-widened joints, and swallets. Sinkholes are surface depressions, typically several feet to several tens of feet in diameter, that form when surficial unconsolidated sediments subside into enlarged subsurface openings produced by solution of carbonate rocks such as limestones and dolomites, or when the roof of a subsurface cave in the rock collapses. Solution-widened joints are secondary openings in the rock, such as horizontal bedding joints or vertical fractures, that have been enlarged by the dissolution of the carbonate rock by circulating ground water. Swallets are sinkholes into which a stream flows; thus, the streamflow recharges the groundwater reservoir. Swallets generally form over solution-widened joints in the limestone.
Onondaga Limestone
In New York, the Onondaga Limestone outcrop extends east-west from Lake Erie to just south of Albany, then south to Port Jervis. (See inset in fig. 1 ). It is a nearly flat-lying complex of massive, cherty, and argillaceous limestones deposited in a marine environment during Middle Devonian time. In Erie County, the outcrop area is 4 mi wide and 23 mi long and extends east-west from Lake Erie to the Erie-Genesee County border ( fig. 1 ). The gentle south-southwestward dip of the Onondaga Limestone gives rise to a 20-to 50-ft-high escarpment that trends roughly east-west and marks the northern extent of the Onondaga. South of the escarpment, the land surface parallels the gently dipping surface of the Onondaga. The escarpment separates a low-lying plain to the north from a higher plain to the south.
The formation is 140 ft thick (Oliver, 1966) south of the study area, where it is buried and protected from erosion by more recent overlying formations. Where it crops out within the study area, however, it ranges from only 25 to 110 ft in thickness because erosion has removed its upper levels.
In western New York, the Onondaga is divided into four members, which are, in descending order, the Seneca, Moorehouse, Clarence, and Edgecliff. The northward-facing cliff of the Onondaga Escarpment consists chiefly of the Edgecliff and Clarence. The stratigraphy of the Onondaga and deeper formations is depicted in table 1.
The Onondaga Limestone is an important source of crushed stone in Erie County. Currently, three quarries operate in the study area (pi. 1).
Bois Blanc Limestone
Underlying the Onondaga Limestone is the Bois Blanc Limestone, a gray, fine-grained limestone that was deposited in a marine environment during Devonian time. It ranges in thickness from a few inches to 4 ft but is discontinuous within the study area and may be absent in many places.
Akron and Bertie Dolomites
Underlying the Bois Blanc Limestone and, in places, the Onondaga Limestone, are the Akron and Bertie Dolomites, which are fine grained dolomites, shaly dolomites, and dolomitic limestones that were deposited in a marine environment during Silurian time. The Akron and Bertie Dolomites are exposed in the lower part of the falls of Murder Creek at Akron and the falls of Ellicott Creek at Williamsville (pi. 1). Some streamflow on top of the escarpment seeps down through the Onondaga Limestone and discharges from bedding planes at the base of the Onondaga and in the upper parts of the Akron and Bertie Dolomites at the face and along the sides of the falls. In some other places, the Akron and Bertie Dolomites are exposed in the lower parts of the escarpment.
Camillus Shale
Underlying the Akron and Bertie Dolomites is the Camillus Shale, which consists of shale, limestone, dolomite, and gypsum beds that were deposited in a marine environment during Silurian time (LaSala, 1968) . The Camillus Shale crops out north of the Onondaga escarpment and underlies most of the lowrelief area in the Tonawanda Creek basin ( fig. 1 ), where it is covered by 10 to 50 ft of till, lacustrine silt and clay, and some sand and gravel.
The Camillus Shale dips to the south-southwest at 17 to 60 ft/mi. The formation is slightly folded, with fold amplitudes of a few feet and spacings of a few hundred feet between crests. The fold axes generally trend east-west (LaSala, 1968) . Gypsum beds in the Camillus have been extensively mined, but of the four mines north of the study area, only one (near Akron) is active today.
Where the Camillus crops out north of the escarpment, the top 3 to 10 ft is moderately weathered and fractured, probably by dissolution of the gypsum by water and by freeze-thaw mechanical weathering. South of the escarpment, where the Akron and Bertie Dolomites overlie the Camillus, core samples revealed the top of the Camillus to be extremely fractured and weathered such that it resembles a coarse gravel (Goldberg-Zoino Associates, 1984) . Dissolution of some of the gypsum, limestone, and dolomite beds by percolating ground water has left a residue of broken shale. The greater weathering of the Camillus south of the escarpment may be due to the greater seepage of water (with potential to dissolve the gypsum in the Camillus) through the Onondaga and Akron and Bertie than through the less permeable clay and till that overlies the Camillus north of the escarpment.
HYDROLOGY Precipitation
Mean annual precipitation at the Buffalo International Airport is 37.6 inches (U.S. Department of Commerce, 1984) and is fairly uniformly distributed throughout the year. The mean monthly precipitation is 3.13 inches, with slightly larger amounts in August, September, November, and December, and slightly smaller amounts in February and June. Precipitation generally falls as rain from April through November and as snow from December through March. The snowpack generally reaches its maximum depth in February and decreases in March and early April (Dethier, 1966) . Surface-water runoff and ground-water recharge both increase appreciably during snowmelt periods.
Total rainfall measured by a local observer in Clarence during the 11 snow-free months from June 1984 through August 1985 was 29.3 inches, whereas rainfall measured at the Buffalo International Airport was 34.02 inches, a difference of 14 percent (table 2). Measurement error of precipitation is _+ 5 percent (Winter, 1981) at each measuring site, which leaves an unexplained difference of 4 to 9 percent. This suggests that, although the precipitation measured at the Buffalo Airport may be somewhat higher than that in the study area, it is representative of the study area on an annual basis. The mean annual precipitation measured at the Buffalo International Airport during 1979-84 was 10 percent greater than normal (table 3) ; however, precipitation during some months and seasons was below normal. The mean precipitation for May through October of 1979-84, when water levels in the study area reached annual lows, was 17 percent above normal.
Evapotranspiration
Evapotranspiration is the loss of water through evaporation from the soil and other surfaces and through transpiration by plants. In the study area, the monthly potential evapotranspiration exceeds the monthly precipitation during summer and fall, which greatly reduces both surface-water runoff and ground-water recharge (table 4). Potential evapotranspiration is the maximum evapotranspiration that occurs if the amount of water in the soil is unlimited. Where soil moisture is limited, actual evapotranspiration is less than the potential evapotranspiration. The long-term annual potential evapotranspiration in the study area is 25.7 inches of water, and, for the growing season of May through September, it is 16.1 inches. 
Surface Water
The study area is drained by streams tributary to Tonawanda Creek, which flows westward to the Niagara River at Tonawanda ( fig. 1 ). The northern part of the study area is drained by several intermittent streams and by two perennial streams, Gott and Ransom Creeks, which originate from springs at the Onondaga escarpment (pi. 1). The southern and central parts of the study area are drained by Dorsch and Ellicott Creeks and several intermittent streams.
In the central part of the study area, several intermittent streams flow from east to west and disappear into swallets (pi. 1), where they recharge the Onondaga aquifer. During the 1982-85 study, most of the streams draining into swallets dried up in May and June and then resumed continuous flow from November through April. The outlet of Gunnville wetland just east of Harris Hill (pi. 1) is an exception in that it continues to flow late into the summer. Many of these intermittent streams flow for short periods after heavy rains during the summer and fall.
Ellieott Creek
The southern part of the study area is drained by Ellicott Creek, which flows to the west-northwest. The Ellicott Creek drainage basin is bordered on the east by the Murder Creek drainage basin and on the south by the Cayuga Creek drainage basin (pi. 1). Ellicott Creek is fed by several small tributaries and by water pumped from the three quarries two near Harris Hill and the other at the Erie-Genesee County border (pi. 1). The New York State Department of Environmental Conservation (written commun., 1985) estimates that the quarries discharge an average of 7.2 Mgal/d (11.1 ft 3 /s) to Ellicott Creek, which amounts to 9.2 percent of the 121-ft 3 /s mean daily discharge of Ellicott Creek measured at the U.S. Geological Survey stream-gaging station near Williamsville from July 1984 through June 1985. The flow in Ellicott Creek is well sustained throughout the summer, partly by the contribution from quarry pump age.
Dorseh Creek
Dorsch Creek, a tributary to Ellicott Creek, drains the southeastern part of the study area. Near its headwaters, it receives water pumped from a quarry between Crittenden and County Line Roads (pi. 1). From the rated discharge of the pump, the New York State Department of Environmental Conservation (written commun., 1985) estimates that the quarry discharges an average of 3 Mgal/d (4.64 ft 3 /s) of water into Dorsch Creek. The U.S. Geological Survey operated a stream-gaging station on Dorsch Creek at Dorsch Road 0.4 mi west of Crittenden Road (pi. 1) from June 1984 through September 1985 to measure the quantity and seasonal distribution of flow and to estimate the amount of water pumped from the quarry. The surface-drainage area of Dorsch Creek above the gage is 1.14 mi 2 . Mean daily discharges of Dorsch Creek are listed in table 5.
Quarry discharge.--The quarry discharge to Dorsch Creek is estimated as the difference between unit runoff of Dorsch Creek and that of Ellicott and Cayuga Creeks. (Cayuga Creek is the next stream south of Ellicott Creek, fig. 1 .) The average monthly discharge per unit area for Dorsch Creek, Ellicott Creek, and Cayuga Creek are given in table 6. The mean-daily discharge per square mile measured in Dorsch Creek from July 1984 through June 1985, 8.8 (ft 3 /s)/mi 2 , is much greater than that of either Ellicott Creek, 1.48 (ft 3 /s)/mi 2 , or Cayuga Creek 1.57 (ft 3 /s)/mi 2 . The daily average discharge per square mile of Ellicott Creek and Cayuga Creek are, respectively, 17 and 18 percent of the Dorsch Creek value; therefore, approximately 82 percent of the daily average streamflow of Dorsch Creek (10.0 ft 3 /s), or 8.2 ft 3 /s, is water pumped from the quarry. The difference in daily average discharge is even greater from April through October, when the drainage-areaadjusted discharges of Ellicott Creek and Cayuga Creek were 11 percent and 9 percent, respectively, of the Dorsch Creek value. The New York State Department of Environmental Conservation's estimated 4.6 ft 3 /s of quarry pumpage into Dorsch Creek, is 44 percent lower than the value calculated from streamflow records from July 1984 through June 1985.
The effect of water pumped from the quarry and then discharged into Dorsch Creek is evident from the hydrographs shown in figure 2. The daily stage and associated discharge of Dorsch Creek fluctuates regularly and rapidly, depending on when and how many pumps are operating in the quarry. As described in an unpublished report by Dunn Geoscience (written commun., 1981) , the quarry generally operates one pump continuously at approximately 1.8 Mgal/d (2.8 ft 3 /s) and one additional pump intermittently at 0.5 Mgal/d (0.8 ft 3 /s). During periods of low water levels, only one pump may operate intermittently, and during high-water periods, as many as three pumps may be operated to pump 6 to 10 Mgal/d (9.2 to 15.4 ft 3 /s). February 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.9* 6.8 6. Seepage loss* Stream-discharge measurements downstream from the gage at Dorsch Creek indicate that some of the flow is lost as seepage through the stream bottom to ground water or through the channel banks to adjacent wetlands. Discharge measured on September 18, 1984 at the gage was 1.84 ft 3 /s; 0.66 mi downstream at Ayers Road (pi. 1) it was 1.52 ft 3 /s, and 0.53 mi further downstream at Dorsch Road it was 1.56 ft 3 /s. Loss of streamflow in the reach between the gage and Ayers Road was 0.28 ft 3/s, or 15 percent of the discharge measured at the gage. Discharge measured on October 28, 1985, was 2.84 ft 3 /s at the gage, and 1.5 mi downstream at South Newstead Road it was 2.48 ft 3 /s. The loss of streamflow between the gage and South Newstead Road was 0.36 ft 3 /s, or 13 percent of the discharge measured at the gage. At the time that the discharge measurements were made, no flow was observed in intermittent tributaries, no withdrawals from Dorsch Creek were observed between measuring sites, and pumped water from the quarry to Dorsch Creek had been steady for several hours. The discharge measurements were estimated to be accurate to within 8 percent of the actual value. Duplication of the results from two different sets of measurements indicates a probable loss of streamflow from Dorsch Creek. 17-20, 1984; January 13-16, 1985; and August 3-6, 1985 .
Ground Water
Water Quality
Onondaga Limestone. Water withdrawn from wells that tap the Onondaga aquifer generally is lower in total dissolved solids and therefore more desirable as a water supply than water in the underlying formations. Water samples collected periodically from six wells that tap the Onondaga aquifer in eastern Erie County (Miller and Staubitz, 1985) had a lower mean value of specific conductance, 698 pS/cm, (a measure of total dissolved solids) and lower mean concentrations of dissolved calcium (Ca) , magnesium (Mg), bicarbonate (HC03), and sulfate (804) than water from underlying formations (table  7) . The only undesirable characteristic of water from the Onondaga Limestone is that it is relatively hard and commonly requires softening for domestic uses.
Akron and Bertie Dolomites. The quality of water from the Akron and Bertie Dolomites, which lie between the Onondaga Limestone and Camillus Shale, is variable. An observation well installed in the upper part of the dolomite yielded relatively fresh water with a specific conductance of 580 yS/cm and dissolved Ca, Mg, 864, and HC03 concentrations similar to those of water in the overlying Onondaga Limestone (well 38-59, table 8). Another wall installed near the bottom of the dolomite (table 7) had a specific conductance of 1,270 yS/cm and dissolved Ca and SO^ values characteristic of the underlying Camillus Shale (well 56-59, table 8). The molar calcium-to-magnesium ratios in both samples were relatively high (3.3 and 2.6, respectively). Hem (1970, p. 143) states that water from dolomite at or below saturation should contain nearly equal molar concentrations of calcium and magnesium. Because dolomite is less soluble than calcite or gypsum, the quality of water within the formation is probably controlled by the hydrogeologic character of the system and by the origin of the water. Water in the upper part of the dolomite is derived from leakage from the overlying limestone, and its quality is similar to that of water in the limestone. Water in the lower part of the dolomite may, in places, be derived from upwelling from the underlying Camillus Shale, and its quality is similar to that of water in the Camillus Shale.
Camillus Shale. Water in the Camillus Shale has high concentrations of total dissolved solids; specific-conductance values as high as 2,420 yS/cm were reported (table 7) . Water from the Camillus Shale has particularly high concentrations of dissolved Ca and 804, which are derived from the dissolution of gypsum (CaS04.2H20) beds within the shale. This water also tends to have a strong hydrogen sulfide (H2S) odor and appreciable concentrations of dissolved iron (Fe) and manganese (Mn). The presence of these constituents, which result from reducing conditions within the shale, makes water from the Camillus generally objectionable for domestic purposes.
Mineral saturation. Water samples were collected from 18 wells and 4 springs in the study area. Results of the water-quality analyses were entered as input to the U.S. Geological Survey's WATEQF computer program (Plummer, and others, 1976) , and the saturation indices were calculated for calcite, dolomite, gypsum, and other minerals commonly found in carbonate rock. The saturation indices shown in table 8 indicate that water from wells in areas of severe water-level declines (wells 53-20, 40-20, 13-07, 36-13, 31-11, and 39-48 ; see pi. 1) was similar to that in adjacent areas in which water levels had not declined significantly (wells 09-44, 49-47, and 30-59) . Water from these wells was undersaturated with respect to all carbonate minerals and had specific-conductance values between 630 and 870 yS/cm, dissolved Ca concentrations between 80 and 125 mg/L, Mg between 12.4 and 46 mg/L, Na (sodium) between 10.6 and 36 mg/L, and Cl (chloride) between 7.5 and 72 mg/L.
Water from two wells (24-48 and 34-24, pi. 1) in the vicinity of a channellike depression where it crosses South Newstead Road and the New York State Thruway, differed significantly from water elsewhere in the Onondaga aquifer. These wells had specific conductance of 1,300 to 1,600 ijS/cm, and the following dissolved ion concentrations: Ca, 95 to 150 mg/L; Mg, 35 to 53 mg/L; Na, 65 to 158 mg/L; Cl, 135 to 325 mg/L; and 804, 66 to 236 mg/L. Particularly high Na and Cl concentrations were noted at wells sampled in April 1984, shortly after the spring thaw. These wells are adjacent to the New York State Thruway, where drainage from the Thruway seeps into the ground at nearby swallets. The high values of Na and Cl at these wells may be due to the migration of deicing salts from the Thruway. Samples collected from these wells in August 1985 (table 8) , a nonsalting period, had significantly lower concentrations of Na and Cl. The seasonal fluctuation in the quality of water at these wells indicates that water travels relatively quickly through this part of the Onondaga aquifer.
The water samples collected in August from wells 24-48 and 34-24 had nearly the same dissolved Ca concentrations as samples collected in April, but the concentrations of HC03 were lower and 864 significantly greater. The higher 864 concentrations in August may be derived from water upwelling from the Camillus shale during periods of low water levels and limited freshwater recharge within the Onondaga Limestone. The August samples from wells 24-48 and 34-24 also were more saturated with gypsum a common mineral found in the Camillus Shale than the April samples from those wells. The large number of swallets in the vicinity indicates the presence of numerous solution-widened joints and fractures that could serve as a path for upwelling water from the Camillus Shale.
Water samples from springs in the area had low concentrations of dissolved constituents and were less saturated with respect to carbonate minerals than samples from wells. This indicates that water discharging from springs has had a relatively short residence time and, therefore, probably drains a relatively shallow flow system. The specific conductance of water from the springs ranged from 430 to 600 yS/cm, and dissolved-ion concentrations were: Ca, 68 to 92 mg/L; Mg, 11.3 to 5.8 mg/L; and 804, 19.3 to 23.2 mg/L. 
Ground Water in the Onondaga Limestone
Ground water occurs in bedding planes and vertical joints and fractures in the Onondaga Limestone, some of which have been widened by dissolution. The upper 5 to 15 ft of the limestone contains the most joints, all of which are widened by the more intense weathering that occurs near land surface.
Bedding planes. Bedding planes, which transmit most of the water in the Onondaga Limestone, are planar openings parallel to the nearly horizontal bedding in the rock. They were formed by the expansion of the rock during removal of weight by erosion of overlying rock units and by the retreat of 3 Saturation index (SI) <0 indicates the water Is undersaturated with respect to the mineral, SI = 0 indicates the water is in theoretical equilibrium with the mineral. SI X) = indicates the water is oversaturated with respect to the mineral.
glaciers from the area. Major bedding planes extend at least several miles, which makes them effective conduits for ground water. Although the separation along bedding planes is generally small (less than 1/4 inch), dissolution has widened them to several inches in some places. Bedding planes widened by dissolution were observed in quarries and along the escarpment at the bottom of the Onondaga and at the top of the Clarence Member of the Onondaga. These planes undergo a greater rate of dissolution than smaller joints because they form a preferential path for horizontal ground-water flow. The downward migration of water is inhibited by the relatively impermeable underlying Akron and Bertie Dolomites and some massive beds within the Onondaga, especially the Clarence Member of the Onondaga, 50 to 75 percent of which is highly insoluble chert.
The walls of quarries show where prominent joints occur in the Onondaga Limestone. A quarry in the southwestern part of the study area (pi. 1) has large seeps of water from two prominent bedding planes; one was observed on top of the cherty Clarence Member (altitude about 625 ft), and the other was reported by the quarry operator to be at the base of the Onondaga (altitude 565 ft), where water cascades into a sump pit.
Vertical joints. Vertical joints are planar openings roughly perpendicular to bedding planes but are generally less extensive and therefore form less significant water-bearing openings except where dissolution has widened them. Vertical joints in the study area are typically 5 to 18 ft apart, penetrate 10 to 25 ft, and are preferentially oriented N75°E, N40°W, and N5°E (Goldberg-Zoino Associates, 1984) . Most vertical joints extend several tens of feet laterally, but some extend for several miles. A quarry that previously occupied the site of Spaulding Lake, north of Main Street in the Town of Clarence (pi. 1), was abandoned when mining intercepted a major vertical joint from which large volumes of water flooded the quarry. The joint's trend is N43°W and is traceable on air photos from the escarpment at County Route 216 (Old Goodrich Road) to Tillman Swamp.
The separation along vertical joints ranges from less than 1/16 inch to 0.5 ft. The wider separations are in the upper 5 to 15 ft of the Onondaga Limestone, where dissolution is most rapid, and at the escarpment, where tension-release stresses from the absence of supporting rock mass has caused the rock to expand away from the cliff. Vertical joints become narrower, less numerous, and less continuous with depth.
Well yields. The reported yield of 42 wells with open-hole construction that tap the Onondaga aquifer indicated that the yields of wells range from 3 to 100 gal/min and average 20 gal/min. The yield of water to a well depends on how many saturated bedding planes and vertical joints with significant openings are penetrated. The highest reported well yields in the study area are near the channellike depression in the central part of Newstead (pi. 1), which indicates the presence of numerous, continuous, solution-widened joints beneath the depression area. R.echarge. The ultimate source of recharge is precipitation, which reaches the saturated zone in the Onondaga aquifer by (1) direct areal infiltration of rain and snow-melt through the overlying unconsolidated deposits (lake deposits and till), (2) flow of stream water into swallets and into vertical joints that intersect stream channels, and (3) seepage of water from wetlands through the underlying organic debris and glacial deposits into the Onondaga aquifer. Recharge occurs over most of the study area except at the base of the escarpment, in quarries where water is pumped, in the upgradient parts of wetlands during periods of high water levels, and in the channellike depression during periods of low water levels. The rate of recharge to the aquifer depends on the amount of precipitation and streamflow available for recharge, the amount of water lost through evapotranspiration, and the permeability of the Onondaga Limestone and overlying unconsolidated deposits. Each of these factors is described below.
Infiltration of precipitation.
If the amount of water available for recharge either exceeds the rate at which water can move to the water table, or the rate at which water can flow through the aquifer, recharge either becomes ponded at land surface or is lost as runoff. This occurs in many places in the spring, when large amounts of snowmelt and rain exceed the infiltration capacity of the area. During this period, intermittent streams flow from a few weeks to several months, and water accumulates in low areas, such as wetlands and the channellike depression areas in Newstead and Harris Hill.
Conversely, when the amount of water available for recharge is less than the discharge from the aquifer, ground-water levels decline. Comparison of the long-term average monthly precipitation with the corresponding estimated potential evapotranspiration (table 4) reveals that the 19.6 inches of potential evapotranspiration exceeds the 16.1 inches of precipitation from May through September, which means that little of the precipitation during this period is available for ground-water recharge, so that ground-water levels decline. Intermittent streams flow and water ponds in low areas only during heavy rains and snowmelt. After periods of significant precipitation, groundwater levels rise for a time (from several hours to 3 days). Hydrographs of water levels in wells measured during 1983-85 (pi. 4) show that water levels declined from May through October and rose from November through April.
Infiltration from streams. Streamflow that seeps into swallets provides a significant amount of recharge to the Onondaga aquifer. At least 14 swallets were identified in the study area, the majority of which are clustered within the channellike depression near South Newstead Road, Steiner Road, and Ayers Road in the Town of Newstead (pi. 1). Individual swallets were observed to accept Streamflow at rates of 0.1 to 1.5 ft 3/s without overflowing; a cluster of swallets, such as those within the channellike depression in the Newstead area, could probably accept several times that amount before ponding would occur. Immediately after snowmelt or particularly heavy rains, however, the swallets may not accept all of the incoming Streamflow if the carrying capacity of the aquifer is exceeded and ground-water levels rise. During these periods, the swallet may overflow and produce runoff to tributaries that drain outside the study area. During the summer and fall, intermittent streams that flow into swallets dry up.
At the top of the escarpment, some Streamflow seeps downward through vertical joints exposed in the stream channels. These joints have been enlarged by tension-release stresses, ice wedging, and dissolution; they range in width from 0.25 to 8 inches. Most of the water that seeps into the Onondaga aquifer at the top of the escarpment discharges to springs and streams at the base of the escarpment, where more impermeable bedrock units (Akron and Bertie Dolomites) that underlie the Onondaga Limestone retard further vertical seepage.
Regional flow and discharge. Ground water in the Onondaga aquifer moves from areas of higher head (recharge areas) to areas of lower head (discharge areas) through a network of joints and bedding planes. The direction of ground-water movement in the Onondaga aquifer during a period of high groundwater levels (April 1984) and low ground-water levels (October 1984) is shown by arrows on the potentiometrie-surface maps in plates 2 and 3, respectively. Water levels in approximately 150 wells were measured once during each of these two months to document the seasonal fluctuation of ground-water levels and the changes in direction of ground-water flow. Ground water discharges to wells, springs, wetlands, the channellike depressions, and quarries.
Ground-water movement in the Onondaga aquifer generally follows the eastto-west slope of the Erie-Niagara basin that is, it moves from the higher parts of the basin in eastern Erie County to lower areas further west and eventually discharges to Lake Erie or the Niagara River ( fig. 3 ). In the central part of the study area, flow paths in the underlying Akron and Bertie Dolomites and Camillus Shale are similar to those of the Onondaga aquifer (Goldberg-Zoino and Associates, 1984) , except that the Akron and Bertie Dolomites have a larger downward component of flow than the Onondaga aquifer ( fig. 3 ).
The differences in hydraulic conductivity (permeability) of the four formations have a significant effect on the regional flow system. Hydraulic conductivity values for the Onondaga Limestone, Akron Dolomite, Bertie Dolomite, and Caraillus Shale are summarized in table 9. The Caraillus Shale is the most permeable aquifer. As a result of dissolution of gypsum, the shale is 2 to 3 times more permeable than the Onondaga Limestone, which is, in turn, 4 to 10 times more permeable than the Akron and Bertie Dolomites. , 1984 , 1984 , 1984 and , 1984 In the central part of the study area, the progressive decrease in water levels (potentiometric surfaces) from each aquifer to the one below indicates a vertical downward component of ground-water flow. The water level in the Onondaga aquifer was about 10 ft higher than that in the Bertie Dolomite, which in turn was 10 ft higher than that in the Camillus Shale. Because the potentiometric surface in Camillus Shale in this area is as high as the middle part of the Onondaga, the Camillus aquifer is artesian. Artesian flow occurs in wells installed in the Camillus Shale in low areas, such as along the base of the escarpment at Clarence and Williamsville and in the bottom of the quarry south of Harris Hill, where a major vertical joint extends downward from the bottom of the quarry to the Camillus Shale and allows water from the Camillus to flow up and into the quarry.
Results of a pumping test conducted in the central part of the study area by Goldberg-Ziono and Associates in February 1984 indicated the transmissivity of the Camillus Shale to be about 8,800 (gal/d)/ft of aquifer thickness (Goldberg-Zoino, 1984) . LaSala (1968) reported transmissivities ranging from 7,000 to 70,000 (gal/d)/ft. The Akron and Bertie Dolomites have relatively low hydraulic conductivities (2.0 and 0.4 ft/d, respectively) and thus form a leaky confining bed over the Camillus Shale. The vertical hydraulic conductivity of the Bertie Dolomite is 0.004 ft/d (Goldberg-Zoino, 1984) , and this aquifer contributes 1.7 Mgal/d to the Camillus Shale.
Local flow and discharge. The potentiometric surface of the Onondaga aquifer generally parallels the slightly undulating land surface (pis. 2 and 3). Highlands are recharge areas, and lowlands are discharge areas. Ground water that enters the flow system in high areas moves radially away and is discharged either to the nearby low areas (such as the base of the escarpment or wetlands), to more permeable rock zones (such as areas with a high density of solution-widened joints), to major pumping centers at quarries, or to Lake Erie and the Niagara River.
Escarpment. The sharp decline of land surface at the escarpment has produced an east-west-trending ground-water divide that lies 0.5 to 1.0 mi south of the escarpment (pis. 2 and 3). Ground water north of the divide flows north to the base of the escarpment and discharges to springs and headwater tributaries of Tonawanda Creek, whereas ground water south of the divide flows southwestward to the central and southern parts of the aquifer (pis. 2 and 3, and fig. 4 ). The northward direction of ground-water flow north of the divide is verified by (1) the similarity of pH and specific conductance of springs and headwater tributaries at the base of the escarpment to those of ground water in the Onondaga aquifer (water from the Camillus Shale has significantly higher specific conductance, ranging from 1,500 to 2,000 yS, see table 7); and (2) the progressive decline of water levels in the direction of the escarpment.
Springs. Most springs along the base of the Onondaga escarpment (pi. 1) flowed during the wet periods and had relatively low discharges of 0.02 to 0.3 ft 3 /s, which suggests a relatively small catchment area (from the escarpment to the ground-water divide about 1 mi south) and diffuse flow through small bedding planes in the aquifer rather than through large, extensive conduits, Large discharges from springs elsewhere, such as 14 to 35 ftVs measured in limestones in the Mohawk River basin in east-central New York, have been attributed to outflow from large cavernous drainage systems (Baker, 1976) . The absence of extremely large springs in the study area would thus suggest a lack of significant cavernous drainage systems with outlets at the escarpment.
Wetlands. Wetlands are in low areas and are generally ground-water discharge areas except during the summer and early fall, when the water table declines below their level, allowing them to recharge the underlying Onondaga aquifer. The following observations are evidence that wetlands are ground-water discharge areas from late fall to spring: (1) springs drain into the wetlands along their perimeter, (2) outflow from the wetlands is nearly continuous, (3) ground-water levels in wells in and around the wetland are higher than or the same as the standing water in the wetland, and (4) ground-water levels peak when discharge from the wetland is greatest.
In the Gunnville wetland (pi. 1), water levels in wells 54-11 and 51-41, installed in the underlying Onondaga aquifer, were the same as the standingwater level in the wetland from November through June of 1985 and 1986, which indicates that the wetland is a discharge area during this period. From July through October of those years, water levels in the Onondaga aquifer were several feet lower than in the wetland, which indicates a potential for water in the wetland to recharge the Onondaga aquifer. The wetland is probably perched above the water table from July through October. Most of the water loss in the wetland during this period occurs through evapotranspiration, although some infiltration to the Onondaga aquifer probably occurs also.
Channellike depressions. The study area contains two large, channellike depressions of high permeability that drain water rapidly from adjacent parts of the Onondaga aquifer and create a depression in the water table during summer and fall. These depressions, which contain many sinkholes and swallets, resemble abandoned, sinuous stream channels and range from 200 to 800 ft in width and 3 ft to more than 10 ft in depth (pi. 1 and fig. 5 ).
One of these depressions is in Harris Hill, in the Town of Clarence, and extends 0.75 mi west from well 02-00 near Main Street to the edge of the escarpment near Harris Hill Road (pi. 1). In 1982, several sinkholes formed in this depression, and an older one became enlarged. The other depression, in the Town of Newstead, extends 2.2 mi west from Ayers Road to at least the intersection of Schutt and Stage Roads (pi. 1). West of this intersection, the surficial expression of the depression is less developed because unconsolidated deposits overlie the depression. Groundwater levels near this depression fluctuate as much as 50 ft, and more than 60 wells went dry during the summers of 1982-85.
These depressions may be the surficial expression of (1) preglacial or interglacial stream channels that survived the erosional effects of glaciation, (2) areas where unconsolidated deposits have slowly subsided into solution-widened fractures in the Onondaga Limestone, or (3) areas where the abrupt collapse of the upper bedrock surface into solution-widened channels or caverns has caused subsidence of the overlying unconsolidated deposits. In any case, the many sinkholes and swallets in these depressions indicate that the underlying bedrock has a highly developed network of interconnected solution-widened joints and thus constitutes a zone of high permeability.
Indications that these depressions are zones of high permeability are that: (1) wells in the vicinity of the depression have the highest yields in the study area, (2) ground-water levels within the depressions fluctuate as much as 50 ft annually, whereas wells elsewhere fluctuate only 10 to 15 ft, (3) many sinkholes are present, (4) swallets within the depression accept large amounts of surface runoff during spring snowmelt and summer rainstorms, and (5) large amounts of circulation water were lost during the 1984 rotary drilling of two test holes in the depression. The depressions may be areas of ground-water recharge or ground-water discharge, depending on the season. During the spring, after snowmelt, intermittent streams drain to the depressions, where the water seeps into swallets and recharges the Onondaga aquifer. During this period, ground-water levels near the depressions are as high or nearly as high as in the surrounding areas (pi. 2). Recharge ceases when the intermittent streams dry up in the late spring. Ground-water levels in the vicinity of the depressions then decline rapidly and become lower than in other areas, as seen in well hydrographs (pi. 4) and on the potentiometrie-surface map for October 1984 (pi. 3).
The greatest water-level fluctuations and the lowest water levels observed during the study occurred in the depressions (pi. 4). The fluctuations decrease with distance from the depressions. During most of the year, water levels decline toward the depression, which indicates that ground water from surrounding areas flows toward the depressions. Also, velocity of groundwater flow increases near the depression, as evidenced by the steep slope of the potentiometrie surface at the edge of the depression area (pi. 3). Ground water within the depression generally flows westward, although some probably seeps to deeper bedrock units, and some may discharge in the area of the buried valley near the Tillman wetland (pi. 1). Ground water also may leave the system as seepage to springs that feed Ransom and Gott Creeks or may flow farther west and discharge to quarries near Harris Hill or to Lake Erie.
Quarries. Pumping for dewatering at three quarries that mine the Onondaga Limestone results in significant ground-water discharge from the Onondaga. Two quarries are in the southwestern part of the study area, and one is in the eastern part (pi. 1). Two quarries are pumped all year (the eastern and extreme southwestern quarries); the other is not pumped during the summer and early fall, when ground-water levels are below the quarry floor. Water pumped from the two southwestern quarries is discharged to Ellicott Creek through drainage ditches (pi. 1), and water pumped from the eastern quarry is discharged into Dorsch Creek, which flows 5.0 mi southwestward to Ellicott Creek.
The daily average pumpage from the quarry in the eastern part of the area (at the Genesee-Erie County border) from June 1984 to July 1985 was 5.3 Mgal/d. Water levels indicate a 5-to 25-ft-deep cone of depression within 1,000 ft of the quarry (pi. 3). Ground water flows into the quarry from the north, east, south, and southwest. On July 24, 1985, water levels in wells within 500 ft of the quarry ranged from 784 to 788 ft above sea level. Since quarry operations began in 1958, several wells close to the quarry have been deepened (pi. 1) because pumping from the quarry had caused the water level to fall below the pump intakes. Projecting the regional hydraulic gradient of unaffected areas to the quarry indicates that the natural water levels in the area would be 800 to 810 ft above sea level during the summer. Without the pumping, the natural direction of ground water flow would be northwestward and westward.
The combined pumping capacity from the two quarries in the western part of the study area may be as high as 23 Mgal/d but usually ranges from 1.5 to 6.0 Mgal/d (Todd Giddings and Associates, 1980, and Dunn Geoscience, 1981) . Pumpage varies during the year and depends on the season and amount of precipitation and snowmelt. Generally, pumpage is greatest in the winter and spring, when water levels in the Onondaga aquifer are highest, and is lower in summer and fall but can be increased after an exceptionally wet period, such as November 1982, when 6.3 inches of rain was recorded at the Buffalo International Airport. Pumpage from the westernmost quarry near Harris Hill during that time was increased from 1.80 Mgal/d on October 27, 1982, to 8.62 Mgal/d on November 29, 1982. Pumpage at the westernmost quarry near Harris Hill was measured usually once a month (table 11) . The average annual pumpage of 1,225 Mgal is derived by multiplying the average of the measurements in table 11 by 365 days.
The pumping has lowered ground-water levels by 5 to 35 ft within 3,000 ft of the quarries (pi. 3). During the winter, when the pumps are shut down at the quarry east of Barton Road, water levels rise to altitudes from 700 to 710 ft (Todd Giddings and Associates, 1980) , which is 5 to 15 ft below land surface. Dye time-ing. The direction and velocity of ground-water flow in solutionchannel flow systems have sometimes been successfully identified through dyetracing techniques (Thrailkill, 1983) . The many sinkholes and the disappearance of streamflow into swallets in the Harris Hill area of Clarence indicates the presence of continuous, solution-widened openings. Dye-tracer studies were conducted at a swallet near Main Street in Harris Hill in the spring of 1984 and fall of 1985 to identify the point of discharge from the solutionwidened openings.
In April 1984, dye was injected into a stream that enters the swallet. Fourteen springs that emerge along the base of the escarpment north of the injection site were sampled periodically for 8 weeks, but no dye was detected. In October 1985, dye was reinjected at the same site, and this time sampling packets were placed at seepage faces along the northern wall of the quarry 0.9 mi south of the swallet and at the drainage ditch that receives quarry pumpage (pi. 1). Once again, after 8 weeks, no dye was detected. This indicates that water entering the swallet and flowing within any underlying solution-widened openings does not flow northward to discharge at the escarpment or southward to the quarry. Thus, the swallet and sinkholes in the Harris Hill area are probably not within the cone of depression of the quarry.
The water that transported the dye may have moved vertically downward to deeper formations or flowed westward in the Onondaga aquifer along the direction of regional ground-water flow. Unfortunately, no sampling sites were available to detect dye that may have moved westward or downward into the deeper formations.
Ground-Water-Level Declines
Water levels in parts of the Onondaga aquifer declined during the fall of 1981, and several wells became dry. Water levels declined again during the summer and fall of 1982-85, and more than 60 wells and several wetlands became dry. The depth of wells that went dry ranged from 30 ft to 77 ft and averaged 50 ft. Most of the wells that went dry were deepened another 25 to 80 ft; the average was 45 ft. The depth of redrilled wells now ranges from 72 to 130 ft and averages 95 ft. Most of the deepened wells are completed in the lower part of the Onondaga, but several of the deeper ones are in the Akron and Bertie Dolomites.
Areas Affected by Water-Level Declines
To identify areas that have severe water-level declines, water levels were measured twice at 150 wells once in April 1984, a period of high-water levels, and once in October 1984, a period of low water levels. The measurements showed water-level fluctuations to be greatest at the channellike depression and at quarries (pi. 4).
The water-level measurements revealed that water levels declined 30 to 50 ft during the summers and falls of 1982-85 in the vicinity of the channellike depression in the eastern part of the study area and in an apparent extension of the channel into the central part of the study area. Water levels elsewhere declined less than 10 ft. Most of the wells that became dry and were redrilled since 1981 are within 2,500 ft of the center of the depression and extend as a belt at least 3 mi long from Ayers Road to North Millgrove Road (pi. 4). The channel may extend west another 2 mi to Ti llman wetland, but west of North Millgrove Road it may be buried by unconsolidated deposits.
Causes of water-level declines in the channellike depression area. The decline of water levels and the resultant loss of storage within the aquifer since 1981 indicates that the equilibrium of the aquifer was stressed at that time. Although precipitation during some months was below normal, precipitation during periods of water-level declines was at or above normal (table 3) . Thus, the repeated water-level declines probably were not caused by a lack of precipi tation.
Before the quarry at the Erie-Genesee County line was opened, ground water flow probably followed land surface and the direction of surface drainage westward and northwestward to and then beneath the channellike depression. Although the quarry is upgradient of the depression area and intercepts some of the ground water that would have flowed to it, no significant water-level declines were reported west of the quarry from 1958 to 1981. However, at least part of the water pumped from the quarry and discharged to Dorsch Creek during this period flowed northwestward in a small channel that branches off Dorsch Creek near Ayers Road; the water then flowed back into the Onondaga aquifer through several swallets in the easternmost extension of the depression area ( fig. 6) . Some of the water pumped from the quarry was, in effect, returned to the aquifer through the swallets in the channellike depression and thus did not constitute a major loss from the system. During the summer of 1981, however, channel clearing routed all flow in Dorsch Creek fig. 1.) southwestward, away from the swallets in the channellike depression area. Since then, all quarry pumpage carried by Dorsch Creek has flowed into Ellicott Creek and none flows through the now-abandoned channel to the swallets. Therefore, since 1981, none of the water removed from the quarry returns to recharge the ground water in the Onondaga aquifer in the depression area.
Shortly after the 1981 diversion of water in Dorsch Creek from the swallets, several wells near the channellike depression were reported to go dry. During the summers and falls of 1982-85, ground-water levels near the depression again declined, but more severely than in 1981, and caused several wetlands and more than 60 wells to go dry. The diversion of recharge away from the depression area evidently has stressed the equilibrium of this part of the aquifer and caused a loss of storage in the aquifer, as reflected by the water-level declines. The reason that ground-water fluctuations near the depression are greater than in the surrounding areas is that the bedrock within the channel area has a high density of solution-widened joints and is therefore more permeable than elsewhere.
Causes of water-level declines near the quarries. Water levels declined 5 to 30 ft in the vicinity of the three quarries as a result of the dewatering operations. The seasonal dewatering affected water levels within a 3,000-ft radius of the western quarries and within 1,000 ft the eastern quarry. Several wells near the eastern quarry (at the Erie-Genesee County line, fig. 1 ) had to be deepened as a result of water-level declines after the quarry began operation in 1958.
Sirik'foo'ie Development
Sinkholes form almost exclusively in areas underlain by carbonate bedrock. Dissolution of the carbonate bedrock along joints and fractures by ground water over thousands of years forms solution channels. Sinkholes form either with the collapse of bedrock into a solution-widened joint or cavity or by slumping of unconsolidated sediments into bedrock openings. The distribution of sinkholes is controlled by the location of underground solution cavities and the trend or direction of solution-widened joints.
Although sinkholes have developed naturally throughout geologic time, they have formed with increased frequency in the past 50 years as a result of large ground-water withdrawals. For example, in some areas underlain by carbonate rocks in Alabama, where sinkhole formation has been extensively studied, an estimated 4,000 individual sinkholes and areas of subsidence have developed since 1900 (Newton, 1977) . All but about 50 of these are defined as human-induced sinkholes and are associated with ground-water declines caused by the withdrawal of large quantities of water by high-yield wells and by pumping from quarries and mines (Newton, 1976) .
The formation of sinkholes is usually preceded by or coincident with the lowering of ground-water levels or an increase in the range of water-table fluctuations. Initially, when the water levels are high, solution-widened openings are filled with water and residual particles of chert, clay, and other insoluble minerals as well as particles from overlying unconsolidated deposits. Both the water and residual material in the solution-widened openings serve to support the overlying bedrock and unconsolidated deposits, and their presence tends to restrict infiltration of water from above. When ground-water levels are lowered, such as through heavy pumping, the potentiometric gradient is increased, and the velocity of ground-water flow accelerates toward the discharge area, which results in the dewatering of the openings and subsurface erosion of the residual material within them (Newton, 1977) .
The loss of structural support (hydrostatic pressure) in the solutionwidened openings and in pore spaces in unconsolidated deposits by evacuation of water may cause a collapse of the opening or collapse of unconsolidated sediments into openings of the underlying bedrock, which results in abrupt subsidence at land surface. If the uneonsolidated deposits consist primarily of sand and gravel, this process generally results in a gradual subsidence at land surface that forms a depression with low-angle slopes, but if they consist of silt and clay, this process results in the sudden formation of steepsided, conical sinkholes, as depicted in figure 7 . Clayey silt or clay are relatively cohesive and can support a substantial weight, but as the sediment in the lower part of the deposit gradually spalls into the openings in the bedrock, a cavity is formed that becomes larger until the weight of overlying material can no longer be supported, at which time it collapses, forming a sinkhole.
If unconsolidated clayey deposits above a vertical joint are subjected to repeated wetting and drying, such as by a widely fluctuating water table, desiccation cracks develop, and spalling will occur more rapidly. An increased range of water-level fluctuations has been reported to be caused by seasonal dewatering of quarries and mining (Newton, 1976) and also by diversion of storm runoff into sinkholes (Reitz and Eskridge, 1977) , both of which occur in Clarence.
In 1982, a sinkhole, a swallet, and an area of subsidence formed at approximately the same time along and 500 ft north of Main Street in the channellike depression in the Harris Hill area of Clarence (pi. 1). The sinkhole formed under a bowling alley along Main Street, and an area subsided under Main Street in front of the bowling alley. The swallet formed in a seasonally flooded, wooded area about 500 ft northeast of the bowling alley. The bowling alley became structurally unstable and was demolished, and the sinkhole and the subsidence area in the roadway were filled in. The swallet, which is fed by an intermittent stream, has increased in size through slumping of its steep sides and downcutting by the stream. (Discharge of the intermittent stream was 0.40 ft 3/s in April 1984.) Another sinkhole formed adjacent to the swallet in the spring of 1985 and grew larger during the summer. As long as the stream flows unobstructed into the swallet, it is likely to continue downcutting, and the swallet will probably continue to enlarge. In October 1985, the swallet was 30 ft in diameter and 16 ft deep, and the new sinkhole that formed beside it in 1985 was 18 ft in diameter and 12 ft deep.
Geologic logs of wells in the study area did not reveal large solution conduits or caves, but some well logs indicated several zones with small solution channels and zones with broken, highly weathered rock (Goldberg-Zoino, 1984) . These channels are probably solution-widened fractures and joints, and such zones are likely to be highly permeable, preferential paths of groundwater flow.
A. Water Table at Natural Level The formation of the swallet and sinkholes along Main Street resulted from the collapse of a cavity in the surficial deposits, as described earlier and shown in figure 7. The swallet and sinkholes are steep sided and funnel shaped, and the swallet has an outlet at its bottom, into which the stream flows. The exposed sides of the swallet and sinkholes consist of a cohesive, plastic silty clay. The log of a well drilled 10 ft from the swallet indicates that 16 ft of silty clay overlies the Onondaga Limestone at the site (Goldberg-Zoino Associates, 1984) . The generalized soil map of Erie County (U.S. Department of Agriculture, 1979) identifies the soil in this area as a Minoa-Cosad, in which the Cosad is underlain by deep clayey sediments and prone to piping and sloughing when excavated. Fortunately, in Harris Hill, this soil type occupies only a very small (0.13 mi 2 ) area, most of which remains undeveloped at this time. The soils of the surrounding area are described to be of the Benson and Wassaic groups, both of which are underlain by the limestone bedrock at a depth of 20 to 40 inches. These soils are too thin to form collapse-type sinkholes of any appreciable size.
No decline or increased fluctuation in water levels in the Onondaga aquifer near Harris Hill was evident immediately before the formation of the sinkholes. The dye-tracer study indicated that the sinkholes are probably not within the cone of depression of the quarry to the south and were, therefore, unlikely to have been induced by quarry pumpage. However, land development, such as drainage of wetlands and alteration of local surface-drainage patterns, may have lowered water levels that seasonally fluctuate in the unconsolidated deposits and, over the long term, could have contributed to the formation of sinkholes in the Harris Hill area. The formation of sinkholes in the Harris Hill area does not appear to be related to water-level declines in the eastern part of the study area.
SUGGESTIONS FOR FURTHER STUDY
Diversion of some flow from Dorsch Creek into the swallet area in the channellike depression has been proposed by local interests as a method to mitigate declining ground-water levels during the summer and fall. If part of the flow in Dorsch Creek is diverted to the swallets west of Ayers Road ( fig. 6 ), it would be useful to (1) monitor the amount and quality of water diverted and the response of ground-water levels; (2) install a recording stream gage along the diversion ditch between the swallet and the diversion structure; and (3) measure ground-water levels monthly at the same wells that were monitored during this study. A data-collection period of 8 months would be needed, from 1 month before the beginning of the diversion (about April) until diversion ceases (about late November). This type of monitoring would indicate whether the diversion of water to the swallets has an appreciable effect on ground-water levels west of Ayers Road and, if so, the quantity of water needed for diversion to raise and maintain ground-water levels at a particular height.
SUMMARY
The Onondaga aquifer is a nearly flat-lying, 25-to 110-ft-thick, cherty limestone with moderately developed karst features such as sinkholes, swallets, and solution-widened joints. Most ground water moves through solution-widened bedding planes, although some moves through vertical joints. Yield of water to 42 wells in the study area ranged from 3 to 100 gal/min and averaged 20 gal/min.
Ground-water levels declined sharply during the fall of 1981 and each summer and fall from 1982 through 1985 in some parts of the Onondaga aquifer in the Towns of Newstead and Clarence. Several wetlands and more than 60 wells went dry, and at least three sinkholes formed. The area contains two large, channellike surface depressions one in Harris Hill and one in the Town of Newstead. Sinkholes formed in the depression in Harris Hill in 1982, and wells went dry near the depression in Newstead.
Water-level measurements during periods of high and low water levels indicate that greater annual fluctuations (20 to 50 ft) occur near the depressions than in the surrounding area (5 to 10 ft). During periods of low water levels in summer and fall, ground water drains toward the depression in the Newstead area and then flows westward. Water-level fluctuations in the vicinity of the channellike depression are greater than in other areas because the depression has a high density of solution-widened joints that can quickly drain the area. Water-level fluctuations decrease with distance from the depression. The area of severe water-level declines is within 2,500 ft of the center line of the depression in the Newstead area.
An average of 5.3 Mgal/d of water is pumped into Dorsch Creek from a quarry 1.5 mi east of the channellike depression. Before 1981, some of this water reentered the ground when part of the discharge of Dorsch Creek flowed into swallets within the depression. The water entering the swallet was a major source of ground-water recharge during the summer and fall. When the channel of Dorsch Creek was improved and its flow diverted from the swallets, a significant part of the summer and fall recharge was lost, and ground-water levels declined within the aquifer.
The formation of sinkholes in the Harris Hill area is caused by slumping of unconsolidated deposits into solution-widened openings in the bedrock. The sinkholes are in a surface-depression area and are underlain by a relatively thick (up to 16 ft) deposit of cohesive silty clay; sinkholes are less likely to form where the surficial deposits are thin or absent. The enlargement of sinkholes in the Harris Hill area seems unrelated to the water-level decline in the eastern part of the study area and is likely the result of local drainage alteration in the Harris Hill area.
Water in the Onondaga aquifer is generally of good quality and is suitable for most domestic and agricultural purposes. Water in the underlying Akron and Bertie Dolomites and Camillus Shale tends to be of poorer quality, especially in the Camillus Shale, where the water contains appreciable concentrations of dissolved iron and manganese and has a strong hydrogen sulfide odor. Water from wells close to the depression in Newstead had elevated sulfate concentrations during a low-water period. This indicates that water from the Camillus Shale may upwell through the Bertie and Akron Dolomites into the Onondaga aquifer during low-water periods in the areas affected by severe water-level declines and may degrade the quality of water from wells in those areas. 
NUMBERING AND ARRANGEMENT OF WELLS
All wells and borings are identified by latitude and longitude to the nearest second, as measured from 7 1/2-minute topographic maps, scale 1:24,000. The location of each well or boring record was plotted on these maps by U.S. Geological Survey staff during a visit to the site or from largescale engineering drawings.
The location of each well and boring is shown on plate 4 and on additional maps within the text. The four numbers used to identify each well on these illustrations are the seconds of latitude and longitude. For example, a well located at 42°45'38" latitude and 78 0 34'31" longitude is identified in illustrations as well 38-31. Data are arranged in 1-minute strips of latitude and longitude, and well numbers are placed near the well symbols. The first well in this listing is in the southernmost strip and is followed by other strips successively farther north. 
